Much effort has recently been directed toward ultrasound characterization of normal and abnormal left ventricular myocardium. The purpose of this study was to evaluate tile normal acoustic properties of all four cardiac chambers as a first step toward tissue characterization of the atria and ventricles. The hypothesis was that integrated ultrasound backscatter would follow the pattern of collagen concentration in the cardiac chambers, being higher in the right side of the heart than in the left and in the atria compared with the ventricles. Seven normal canine hearts, perfusion-fixed in 10% formalin, were examined. Sections of the free walls of right and left ventricles and atria were studied in vitro with a 5 MHz transducer positioned at the focal distance from the epicardium. The radio frequency ultrasound signal energy from each specimen was derived, corrected for sample thickness and expressed as integrated backseatSubstantial investigative effort has recently been directed at the characterization of structural abnormalities of the left ventricle using analysis of transmitted or reflected ultrasound (1-8). Ultrasound tissue characterization, especially using analysis of backscattered ultrasound, has proved ca- higher from the left atrium than from the left ventricle ( -62.8 ± 1.14 versus -73.6 ± 1.32; P < 0.05). These data show that backscatter is higher in the right ventricle than in the left ventricle and in the atria compared with the ventricles. This pattern corresponds to known regional collagen concentration, and provides initial data of importance in the acoustic characterization of structural abnormalities of all four cardiac chambers. (J Am Coli Cardiol 1986;8:880-4) pable of identifying acutely and chronically infarcted myocardium (1,2), acute myocardial ischemia and contusion (3-6) and chronic cardiomyopathies (7, 8) . Although analyses of ultrasound backscatter have thus been extensively used in studies of the left ventricle, few data are available concerning the normal or abnormal acoustic properties of the other cardiac chambers. Because a variety of cardiac disorders may affect chambers other than the left ventricle, ultrasound characterization of all four chambers would be of interest.
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The backscatter was higher from the right ventricle than from the left ventricle (-64. 5 pable of identifying acutely and chronically infarcted myocardium (1,2), acute myocardial ischemia and contusion (3-6) and chronic cardiomyopathies (7, 8) . Although analyses of ultrasound backscatter have thus been extensively used in studies of the left ventricle, few data are available concerning the normal or abnormal acoustic properties of the other cardiac chambers. Because a variety of cardiac disorders may affect chambers other than the left ventricle, ultrasound characterization of all four chambers would be of interest.
Results of previous studies by Mimbs et al. (9) and from our laboratory (10) have indicated that collagen concentration is an important determinant of backscatter from fibrotic myocardium. We have also found (11) that backscatter from the normal canine right ventricle exceeds that from the normal left ventricle and that the relative collagen concentration is also higher in the right than left ventricle. In a human pathologic study, Oken and Boucek (12) found a similar pattern in which collagen content was higher in the right heart than in the left; in addition, collagen content was higher in the atria compared with the ventricles.
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On the basis of these previous observations concerning the relative concentration of collagen in the four cardiac chambers, and on our initial study of right and left ventricular backscatter, we hypothesized that in normal hearts, integrated ultrasound backscatter would be higher in the atria than the ventricles and in the right heart compared with the left heart. As a first step toward ultrasound characterization of myocardium in all cardiac chambers, we tested these hypotheses by examining the backscatter from atria and ventricles in normal, fixed canine hearts.
Methods
Tissue preparation. Seven adult mongrel dogs (weight 18 to 22 kg) were anesthetized with Innovar-Vet (droperidolfentanyl), 3 cc, and pentobarbital, 15 to 20 mg/kg body weight intravenously. A thoracotomy was performed, exposing the heart and major vessels. The animals were subsequently killed in cardiac diastole with 20 cc of saturated intravenous potassium chloride. The ascending aorta was then isolated and cut transversely distal to the origin of the left subclavian artery. After the blood from the aorta, left ventricle and left atrium was allowed to empty, a large bore ( 10 mm diameter) plastic tube was inserted through the cut portion of the ascending aorta, advanced proximally up to a point I to 2 cm from the aortic valve and secured with sutures. Buffered 10% formalin was then allowed to infuse into the aorta from a reservoir hanging above the animal. The heart was perfusion fixed with buffered formalin for 10 minutes, ensuring adequate fixation of the myocardium and surrounding tissues. The heart was then removed and immersed in a container filled with the buffered 10% formalin for an additional 10 minutes.
Incisions were then made along the right and left sides of the ventricular septum, creating openings into both the right and left ventricular cavities. The atrial chambers were opened along a line extending from the superior to the inferior vena cava on the right and along a line from a superior to an inferior pulmonary vein on the left. Each heart was washed thoroughly in buffered formalin to remove all remaining blood clots. The hearts were further fixed in 10% buffered formalin for 24 to 72 hours.
At the time of ultrasound evaluation, the free walls of the atria and the ventricles were removed from the heart and mounted in plastic rings. Particular care was taken to avoid stretching the specimens, especially the thin-walled atria. Circular regions of interest (about 7 mm in diameter), free of visible fat and epicardial vessels, were identified ( Fig. I) : in the left ventricle, the anterobasal region between the left anterior descending and circumflex coronary arteries was used; in the right ventricle, a region of the right ventricular outflow tract was selected; in the left atrium, the free posterior wall was used; and in the right atrium, the posteromedial wall adjacent to the ascending aorta was used.
For each chamber specimen, using a plastic template, seven ink spots were marked in the center of each region of interest. The ink spots were equidistant and were spaced 2.5 mm from each other (Fig. I) .
Ultrasound measurements. Each plastic ring with a tissue specimen mounted on it was immersed in a water tank. The water temperature was maintained at 27 to 30°C throughout the experiment. The transducer used for all measurements was a 5 MHz, 0,95 ern diameter, 50% fractional bandwidth transducer with a beam width of 2.4 mm (Panametrics Corp.). The transducer was connected to a standard pulser-receiver (also from Panametrics Corp.) and an oscilloscope with a Polaroid camera, The transducer was positioned perpendicular to and at the focal distance away (7.5 to 7.6 ern) from the epicardium of each specimen. Care was taken to ensure that the angle of the transducer was adjusted to obtain the maximal epicardial reflection, which was achieved when the ultrasound beam was perpendicular to the epicardium of the specimen.
Radio frequency signals were obtained from the myocardium underlying each of the seven ink spots marked on each cardiac chamber specimen. Each ink spot was centered under the transducer by the use of a mechanical guide that fitted around the transducer, The radio frequency signals were displayed on the oscilloscopic screen, and photographs were taken of the displayed signal. For samples with larger thickness such as the left ventricle, more than one photograph was required to record the total reflected waveform. For reference purposes, radio frequency signals were also obtained from a 0.5 inch (1.27 ern) thick, flat, polished block of stainless steel, which was substituted for the tissue at the same distance from the transducer, at the same water temperature.
To calculate the energy in the backscattered signal, the photographed signals were digitized with a digitizing tablet and cursor (Summagraphics Corp.) into a PDP 11/34 computer (Digital Equipment Corp.). The peaks and troughs of the radio frequency waveform were entered in the computer with care taken to avoid parallax errors. The specular reflections from endocardium and epicardium were excluded from analysis by digitizing each waveform beginning after the high amplitude epicardial reflections and ending before the high amplitude endocardial reflections. The computer reconstructed the digitized waveform by linear interpolation between the peaks and troughs entered. The reconstructed waveform was squared and integrated, yielding the total backscattered energy (E). Although tedious, this procedure is both accurate and reproducible. We have previously tested this technique (10, II) and found a maximum of 2.5% variability among five separate determinations from any given photograph. Because the myocardial samples were of varying thickness, this total energy was divided by the sample thickness. (The correspondence between microseconds of energy waveform data taken from the oscilloscope and wall thickness was assumed to be the average value of ultrasound velocity propagation in soft tissue, which is 1.57 mm/us.)
The energy values for the seven sites within each chamber, corrected for sample thickness, were averaged to yield a mean energy (corrected for thickness) for each chamber -E di The resulting mean energy of the sample (corrnyocar turnrected for thickness) was then referenced to the total energy obtained from the stainless steel block (E st ee ,) and converted to decibels, yielding values of integrated backscatter:
Integrated backscatter = 10 log (Emyocardiun/E,leel).
Statistical analysis. Data were analyzed using the General Linear Models program of the Statistical Analysis System (13) . With the alpha set at 0.05, pairwise comparisons of the mean integrated backscatter from each of the chambers were made using Tukey' s multiple comparison procedure to assess the significance of differences found. The integrated backscatter obtained from each chamber of the seven dogs is given in Table 1 . Statistical analysis showed that backscatter was higher from the right than from the left ventricle ( -64.5 ± 1.25 versus -73.6 ± 1.32; p < 0.05), higher from the right atrium than from the right ventricle ( -58.5 ± 0.83 versus -64.5 ± 1.25: p < 0.05) and higher from the left atrium than from the left ventricle ( -62.8 ± 1.14 versus -73.6 ± 1.32; p < 0.05) (Fig.   3 ). Furthermore, backscatter from the left ventricle was significantly less than that from all the other chambers (p < 0.05). No significant difference was found between backscatter from the left atrium and right ventricle or between (Fig. 4) .
Discussion
Relation between ultrasound backscatter and myocardial collagen concentration. In this study, we have demonstrated that integrated ultrasound backscatter can be measured from the cardiac atria as well as the ventricles. We have shown that integrated ultrasound backscatter is higher from the right than from the left ventricle and is higher from the atria compared with the ventricles. These results extend our previous observations on ventricular backscatter (II) and correspond with the known differences in regional myocardial collagen concentration.
Oken and Boucek (12) demonstrated that the relative collagen concentrations in the four cardiac chambers of normal human hearts are 2.24% (right atrium), 1.79% (left atrium), 0.99% (right ventricle) and 0.74% (left ventricle). Although all the determinants of ultrasound backscatter from mammalian myocardium are not completely understood, collagen or fibrous tissue appears to be an important determinant of backscatter (9, 10) . Our data and the results of previous studies suggest a relation between the backscatter measurements from the four cardiac chambers and known collagen concentrations.
Factors influencing results. Several factors may have
influenced the results of this experiment. We were not able to find any significant difference in integrated ultrasound backscatter between the right and left atria. The lack of differences could be due to a relatively small sample size.
The atrial walls were much thinner than their respective ventricular samples. To avoid the direct influence of cham-LV RV LA 
Backscatter (dB) Figure 4 . Individual backscatter measurements from the four cardiac chambers for the seven dogs, Abbreviations as in Figure 3 .
ber thickness on our measured results of ultrasound backscatter, we divided the calculated backscatter energy by the sample thickness (calculated from the radio frequency waveforms). This gave a thickness-corrected energy and thus allowed a more logical comparison of signals from the four cardiac chambers. Although there was little variability among measurements made from sites within individual ventricles, because of the thinner atrial samples, measurements derived from the atria were associated with somewhat larger variation.
Whereas the endocardial and epicardial specular reflectors from the right and left ventricles could be easily differentiated and omitted from the right and left ventricular backscatter calculations, similar signals could not be as easily differentiated from the atrial samples, and this potentially may have caused some error in our atrial backscatter measurements. To avoid including the atrial specular reflectors, a conservative approach was taken, undersampling the atrial backscatter energies (that is, digitizing the midportion of the atrial waveforms). This approach, if introducing error, would tend to underestimate the atrial backscatter energies and the actual differences between backscatter from the atria and ventricles would be even greater than those shown in this experiment.
Additional potential sources of variability of individual backscatter measurements were transducer positioning with respect to the myocardial surface and to nonmyocardial structures, primarily epicardial vessels, and the presence of phase cancellation effects. We attempted to minimize these problems by taking the mean of seven backscatter measurements for each region of interest.
It is conceivable that tissue fixation may alter backscatter measurements to varying degrees in the various cardiac chambers. However, in a previous study (II) we showed that tissue fixation does not alter backscatter measurements of the right and left ventricles when compared with measurements from unfixed specimens. tissues, such as myocardial infarction and cardiomyopathy. O'Donnell et al. (14) , using an animal model, demonstrated that increasing backscatter was associated with increasing concentration of collagen as the myocardial infarct evolved at 5, 9 and 16 weeks. Other investigations have shown similar relations between collagen and left ventricular backscatter in animal models of infarction (9) and cardiomyopathy (15) . The potential utility of backscatter measurements from all cardiac chambers lies in identifying disease processes, such as cardiomyopathies, that may affect all four chamber structures versus those affecting only ventricular structure. Left and right atrial backscatter measurements may also have use in determining whether patients may benefit from cardioversion for correction of atrial arrhythmias. Lown and de Silva (16), for example, have suggested that the presence of extensive atrial fibrosis will preclude successful maintenance of sinus rhythm after cardioversion in patients with mitral valve disease and a large left atrium.
